Blood vessels in central nervous system act as a great hurdle for drug delivery to the human brain. They only allow passage of water, some gases, lipid molecules, glucose and amino acid by selective transporter while restricting most of solutes and pathogens to protect brain. A lot of studies have tried to overcome this hurdle by discovering and optimizing brain deliverable drugs however the platforms used for preclinical stage are still limited. In this study, we constructed an in vitro 3-dimensional model for brain endothelial monolayer using hydrogel incorporated microfluidic device that provides an 3D extracellular matrix scaffold. We confirmed the stable endothelial barrier by staining a tight junction marker, VE-Cadherin, and strong block ability by comparing permeability with normal endothelial cells. Also, we succeed in verifying the strong permeability of angiopep-2 using our device that is known as a brain permeable peptide by utilizing receptor-mediated transcytosis. We propose our microfluidic device as an in vitro platform for evaluating various brain drugs or drug carrier candidates. which permits unrestricted use, distribution, and reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were made.
Background
Homeostasis controlling and protecting the brain from toxins and pathogens are very important for proper neuronal function and therefore the micro-vessels in brain have unique properties by forming a strong barrier structure called as blood-brain barrier (BBB) [1] . Brain endothelial cells (bECs) in BBB are in contact with pericytes and end-feet of astrocytes in basal lamina [2] . However, the roles of pericytes and astrocytes are known to support the barrier function of bECs and it is known that the properties of BBB mostly depend on the barrier structure of bECs formed by various junctions such as adherence junctions, tight junctions and gap junctions. Because of the crucial role of bECs for the barrier function of BBB, they are considered as a determining BBB component for constructing in vitro BBB model [3] .
Because bECs strictly restrict the passage of molecules, permeability analysis for central nervous system (CNS) drugs is a big challenge. Most studies for evaluating molecule penetration through 2-dimensionally (2D) formed bEC monolayer have limitations, mainly in basal side components and non-precise quantification [4] . Microfluidic techniques might supply helpful solutions due to their clear vision and precise controllability on molecule transport [5] . We proved the reconstituted bEC barrier function comparing with normal endothelial cells and evaluated the cell-penetrating peptide, Angiopep-2 (targeting low density lipoprotein receptor-related protein 1 (LRP 1) to penetrate bEC monolayer and enhance drug delivery to brain [6] ) with quantifying techniques using our device. Herein, we proposed a microfluidic model for brain endothelial barrier that can be utilized an evaluation platform for permeable neurotherapeutic drugs or drug carriers. 
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Methods
The microfluidic chip has four gel channels and three medium channels ( Fig. 1a ). It was prepared by conventional soft lithography with SU-8-100 photoresist (Micro-Chem, USA) patterned silicon wafer (120-130 μm thick) and cured PDMS at 80 °C for 1 h. The cured PDMS was punched by biopsy punch and blunt needle and a glass coverslip was bonded to the imprinted PDMS using oxygen plasma treatment [7] . The poly-d-lysine (PDL; MW: 30,000-70,000; Sigma-Aldrich, USA) solution in distilled deionized water (DDW) was injected to coat channel surface to enhance adhesion between channel surface and hydrogel. Injected PDL solution was cured in humidified chamber at 37 °C for 4 h. Device was then washed by DDW and dried at 80 °C for 24 h. Before cell seeding, type 1 collagen solution adjusted with a 0.5 N NaOH solution to pH 7.4 was incorporated in gel channel and gelled. Basement membrane (BM) solution, mixed by Matrigel and basal media, was then treated on the cell seeding surface of the incorporated hydrogel. 1.5 million cells/ml of hCMEC/ D3, human cerebral microvascular endothelial cell line, (for bECs) or hMVEC, human microvascular endothelial cells, (for control) were seeded on the recombinant BM coated hydrogel and cultured for 4 days (Fig. 1b ).
When the bECs were sufficient confluent and formed bEC monolayer, 25 uM FITC-dextran (MW: 3 kDa) for control or FITC conjugated Angiopep-2 (MW: 3 kDa) for test was injected into the bEC monolayer channel. To verify bEC permeability, fluorescent images were captured in 15 min and intensity was measured using Image J software (Fig. 1c ). Diffusive permeability was calculated using Fick's first law as following:
where, P is diffusive permeability, C intensity difference across bEC monolayer, dC/dx intensity slope in gel and D diffusion coefficient.
Cells after experiments were fixed with 4% paraformaldehyde for 15 min at room temperature, and permeabilized with 0.1% Triton-X100 for 10 min. 20% Block Ace was added for blocking for 1 h. Primary antibodies were treated overnight, and Alexa Fluor 488-conjugated secondary antibody was treated for 1 h at room temperature. Cell nuclei and actin filaments were counterstained with DAPI and rhodamine phalloidin, respectively. We got the stained images using a confocal microscope. 
Results and discussions
We tried to construct a stable brain endothelial barrier in our previously developed microfluidic device [8] . The bECs were seeded in the microfluidic chip and proliferated along the collagen wall, and finally we confirmed a 3D monolayer in day 4 ( Fig. 2a) . Moreover, the bECs consisting the monolayer showed a significant expression of junction protein, VE-cadherin, that is a major property of in vivo brain endothelial barrier (Fig. 2b) . We also tried to prove that bECs have a better barrier function than normal ECs because it is known that the bECs have a few pinocytotic vesicles and low permeability in passing molecules [9] . We compared 3 kDa FITC-dextran permeability and block/leakage ratio of hCMEC/D3 (bECs) with hMVEC (ECs) under same conditions. The result graph showed lower permeability and higher block/leakage ratio of bECs than normal ECs suggesting that bECs can construct a tighter monolayer with less leakage than normal ECs, as reported ( Fig. 3a, b ). Furthermore, we tested the cell-penetrating peptide, angiopep-2, using our device which is known as a BBB permeable peptide because it can interacts with LRP 1 that it is overexpressed in bECs [10] . We found the dramatically higher permeability of angiopep-2 than control case, same sized FITC-dextran and it suggested that angiopep-2 can be penetrated to brain more easily than same sized molecules because of the interaction with LRP 1 in the surface of bECs (Fig. 3d) . The result using our device showed the possibility of use as a brain drug carrier of angiopep-2. Our platform is promising as it can be used for comparing the permeability of various brain drug carriers in a quantitative manner. Therefore, we expect that our device will contribute to the early stage of brain permeable drug development.
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